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Tlectron Impaet Ionisation in Semdconduators.,

| Jan Taue
Institute of Technical Myasies, Czechoslovak
Academy of Seienoee, Prague, Csechoslovekia,

Abstrect,
b Y

Experimenta) faots are presented showing that the quanton
yield of the inner phetsslectric effect inaresses if the photon

disqussed. Tho relatien of the high energy qaantum yield to the
low energy parazeters is shown. Sowe other effecta related t0 ths
intrinsic fmpact fentsation are mentioned,

place leading to the gmneratien of & new elsctron~hole pair, In
sm@nductm this intrinsto impact ionisation wes firet observed
in the breakéows of aflicon “"”ma gsm&m‘“’m dmetions,
Considering the breakdown as a 80144 state snaloy of the Toweend
p =avalanshe brealdesn in fmsed it wae posotdhls to deluee some
Nmdemented infermatien en tre fxpast iomisatton yrovme,
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1. Bxperimental Studies of the Quentunm Tiela,

W have dealt with this e¢ffeot from another standpoint stu-
dying the dependencs of the quantum yleld of the immey photoeleo-
tric effect on the encrgy of the adsorvet photon. The qwmtua yield

7 1s the mmber of the electron-hols peirs arested on the ab-
" sorption of one photon, It was known fyom the w with low
energy rhotons that the quantum yield near the infyered 1imit is
one. hwthoumntﬂthh@mmmhmm
of X - raya 1t followed thet 07 is preportional to the enevgy
“of the photen ‘% or, 1n other words, 1n whis regien the emergy
needed for the creatien of one electren-hole pair e oons tast
(1n Ge & = 2,5 oV), It was obviocusly of interest te study the
transition betwesn the twe regions. The msasurement was performed
ty Koo 19 (Rig1). Simt1arly as in the work (P he uses the pho-
tovoltaio effect in a germanium p-n funotion. It ie spparent that
the mntm yield /7 increases with the photon energy & y if
it excseds the value E° = 2,2 eV, The tangent at the point B, =
E; passes through the origin. It 1s resarkable that its slope
ie nearly the same as the slope of the ocorresponding strajght line
7 = 7 (2, ) in the X~ray ragion. A more detailed exsmination
of the curve reveals a certain structure the nature of whieh osn
bo shown more clearly fin InSO (eee below),

The ceasurcnont of '7 in Ge wes recently repeated by Vavilov
and Britoin (13) by o eimllar mathod. They have i’omﬂ @miitati-
voly the oare curvo but the oritical cnewgy 5, was found S0 be
2.0 ¥ The ARG 40 probadly Gue to Alffevent methods of
TonTaeday oo foRCatEvity. Vaullcoy end Bydtadn sseeured tho ro-
flecti vity wusing a hollow sphere coated: wit'h ¢4 thus Yaking
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230 -saesnl AMNwed Tight wiieh war daglevded W Fao.

Momtly, Yorilew ond Dritein have wearured the quetua
7iddd in silieon bW & sisdlar sethed} the enevgy l; was found
' % sdeut 3.3 o 19,

The woertainty in the reflectivity is wash ssaller with
INSh where 1t 1o predtically cemstsmt near the enewgy 5, . With
this satarisl 18 38 44fficult 40 use the p-n Jmotions bdut it is
casy %o neasure the photemagnsteslestric and the pheteoonductive
effesta, The former effect inereases with inereasing adbsorptien
sbefficient, the latter decreases, If the two effects have the
ssmdependence on B, 1t is considerod prodable that the change
of the abserpiten oceffieient with B, Dhas negligidle influence
mﬁumnt.m:“mmmmmuu”,aw-
pna-nmam.tqunnmu.,z.mmmmof 7 wWn
B, starts at 1, ® QT oF at room tempereture. The tangant at
this peint passes agnin through the origin dut the rise in the
eurve seon dimintshes and even stopae At the energy B = 06 e
7 starts to inorease again with & lever slope than at the point
B’ o Altheugh the exast shape of the eurve was not wll reprode-
eidde with #iffevent semples and surface treatusnts nevertheless

the potnts 2’ , B’ were always noticeadle. They move towards
highey vaines with dsereasing temperature) the order of mmuud.
of this changs is 10" ¥/grua,

2, Trredistion with Rectrons,

™he quantus yield was also determined in the high energy re-
gien with irrediaticn by faet eleotrons (14-26) and ol ~particles
‘"’“’. These measurements gave valuee of £  somevhat higher
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(3 oF S imeet) T She sOvEEriel T 81 55 OF Getere
wtnet wlth WMk Jiveyus W have tried 6 neaswre 7 in gere
neaton W 10w mergy slevirena. Foe %) wed the electren-
voltale effeet In permaciue p-8 Ameticns (grews or alloyed).
The seasuremsnts shewed the existenes of a esrtain thyeshhold
wgt“. Selow which ne signal was cbserved. For the energy
of the lestrens B> N, 7 18 & linear fumetion of E.
momawhummmw”uamam.
vith the eondition of the surfage, -

W suppose thet i, corresponds to the energy necessary
for the electrens te penetrate through the oxide layer on the
surface, The estimate of the thicimess of the layer bused on
this sesumption agrees with that obtained by other wethods (tens
of Angstréms)i

Rrenberg ot al, (ac) have found an energy threshhold of
severel thousands of oV in selenium darrier layer aells. Ii Toohi-
Teaian hos dombarded 035 and Qi8¢ polycrystalline layers with
very slow slestrans snd msasured the chunges of the oonductivity
(), 5 has found s very low threshhold of the incident ensrgy
(tenths of s eleotronvolt) and abrupt Jumps in the signal at
the multiples of the energy gap (2.9 oV in Q13, 1.8 oV in 04Se).

% Dtespretatisn of the low Enevey Osrve,

T oboerved dopendence of 7 en B, ean be explained
by ths falloving sechanism., @ the absorption of a photon an
sleotren in the oenductien band and a hole in the valence dand
ave gremted whioch have in the firs:t woment excess kinetie oner-
gles. If these snergies are lower that the ionisation energloes
neecessary fer the croation of a new elaectron-hole ‘pair they are
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transforred tc the lattice and lost, If the kinetio emorgy of
ah sleatran o o hole excssds the ionisstion ensrgy nsw palirs
are created Ly en irpact ionisatisn and the quantum yield is lar-
ger than ons, The nuxber of the created slsctron-hole pairs {ncres-
ses with the exosas enorgies of the electron Bn or the hole
B,, ’

A theory based on this idea was wopked out by Antoni{ik (22).
Ha considere the ionising aeotion clectron2 in the cone
duotion band, The winimm ehergy ‘n.tm which an electron muat
have to be able to ionise the valence band electrons 15 determined
by the conservation lawe for emergy and erystal womentum in the

process
1 faest electyren —3>> 1 hole + 2 glectrons

. ln.mummmbawawmu. With a somsvhat sche-
paticed model of ths band structure Antont{k odlained for Ce
Ry 10n = %82 o7 = 1.4 Bg, for S11.23 o7 « 124 Xy (22),

AntonS<k then oaleulates the number of electron=hole paire

erested by Aupsct donisstion in the neighbourhood of K, on,
mmumtofutehnmmuniuenlymm. If ‘Nge bend
strusture is not spherically symmetrical (an s the cese for Ce,
83, InSb) the esnservation laws are fulfilled for B, = B 455

. only in & finite number of dlucﬁions in the Brillouin zone.

In G these are the (111) directiens connecting the eentre of
the zene with the minima of the conduction band. Antonf{k then
shows that 4f By > B, yon the sonservation conditions hold in
a certein solid angle around the aetarting (111) direction whieh
inoroases with Eu. Suppooing that all electrons in this 20114

engle give pow pairs by ionisation, ono obteins for the mumber
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of the meirs crewted by impact jonisation {cowrrespomding to one
gbsorbed protom)?

B + 0t - E (2)
rdn\' -# “Lﬁ""‘ meaﬁ %emy

Thio tprmula holds for schematised sany valley® coninctien
bands sueh g theses of Ov and $i, & 18 the numer of minima in
the conductim band, the mmber of ellipsolds { 5~ = %;w 8 for
Ge, 0 = & for 31), X and D are parametars deponiing on the
band structure ( X = 0,321, D = 1.242 for Si, X = 0303, 2=1.523
for Ge l22)}.

The (ontsation actunlly starta at some energy B, > B 4o
owing to the interaction of the eloctron with the lattice. As
the oross=section for the impact ionisation very cteaply inereaw
ses with the electren anergy K, (omos it exceeds sn,i@n> vhilet
the aress~ssetion for the interection with the latiice oloviy
varies with &, the ensrgy K, should not differ much from By, 4
(some tenths of an o (32)),

n prineiple, similar oconsidevatiens should hold for the
izpact ionisation by holes.

If we are going to spply these considerations for the detiss
mination of the qumum arises how are the energlcs of eloe=

trons end holes dlstributed just after ths sbsorption of & photom.
| This 13 a Aifficult probles not solved yet. Antméik(-?‘a) nakes
a very rough ascumption that in Os the electron taokes all the
excess ensrgys Using Bq (1) one obteins for the quentum yield
for E’ alightly iavger thon 'IB; s

L4

7 .1.?7‘.0 =1+ 4 (8, -8, (2)
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wisre 4 =9 (1 *“Vzé‘m“’m = 1 ¥, M™is 16 1n reasonsb) ¢
agrement with expsriment. The enrmy R = By =% 1.5 eV ta
cm@mmy higher than 'n,icn = G382 oV andl agrees with the
value Setersined from the breekdown of the p-n jfunctiens by
BMiler (5). Using the sare argument for 91 we got with the 4ata
froe Vavilov and Britetn 12 2% = 3,25 - 1,2 = 2,29 ¥ whtch 1
in better agresusnt with the result obtatned by (hynoweth and

uo Kay ) (2.25 a¥) than with that by m1ier ) (1.5 ov).

The aspumption that the electron has all the excess energy
is certainly not well fulfilled in Ge and Si and we ohould expest
that the actual valuss of K. are scmewhat lower, But 1t may be
a very good assumption for InSb whel the effsstive mass of an
sleotren is far smaller than that of a hole. The observed éurv'
/7'9] (B, ) ¢tn Fig. 2 could be explained by a2 band structure
schematioally suggeated in Fig, S, Vor swall snergy Adifferences
B - Ky praotically all the energy Dy ~ E; 13 taken by the
eloctron, ¥With increasing E, - KB the holes obtain a larger
and larger part of this energy. ?hin ensrgy ia lost ags 1mg as
the holes do not attain the fonisation energy. Therefore in thie
region the initial rise of with E;, slows down and eventually
atopa. As soon as the holes are nble to ionise €7 atarts to
inoresse again (at the point EB)).

An ssosentiel point in the theory of Antondfk is the aniso~
tropy of the band structure. Jfor a aphericnlly symmetrical band
atructure should change abruptly at E; (similarly as was ob-

served in rof.(zl)).
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4. % m.»"q R’cgimh

memmmﬁmmm&t into a region
vhare at prosent there is noithey experimental rer theoretisal
inforsation avalleble, The sltuation te¢ sispie again at high ener-
gl6d B, 5D X3 whave %) s proportionel to the energy of the
pw@mmo. ﬁwnm%hwmsh&@m
£Y electrons are firet created vhich oose thelr energy by impact
fonisation, The pme is unddudtedly somplex and cozpligated
by emissions and reabsorptions of photena, However if wo talke
the energy »lonu by secondary X-ray emission into ecacunt we
find that the net energy £ needed for the creation of an elec-
:;:n—holc pair s little dependent on the energy of the photon

o It follows that electrons with high energies (B> R))

t@um 11ttle snergy to the lattice. This 1s also to be expec=
ted on aimple theoretical considerations,

By suceesstive ionisation processes the energies of the
elsctroms and holgs finally sink undey !;, B;. If we suppose
:::: no loases to the lattice coour for E, D%, 2> n; v

Em gy v 8> ¢ (&> (%

m(&) ’ < lp> are the mean values {n the intervals O,E;
and O,I;. Supposing, as 1s cecasionally done 4, 3) s that the
onergy is uniformly dietributed in these intervals we have
LI 2 A S '

™e valus determined by 22 (3) mst be considered as the
lowest limit of € . %kmmﬂtbeuamt of 7 that
not all eleotrons and holes with energles somevhat greater than
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E;, B‘; can ionise, A part of the energy in thia region is neces-
aurily lost to the lattice. Using here the experimentally deter-
wined parametsrs we com calculate £ aupposing we knm»tho
Alstribution of the enmergies of electrons and holes. This is &
pather difficult problem not yet satisfactorily solved. The re-
la_tton batween the high end low energy effects are being experi-
mentally and theoretically etuldied in our laboratorye.

$. Other Effects Related to Impeat Ionisatisn.

¥pst of the inforwation on the ionisation pregess during the
broskdown of p~n junctions was obtained by an analysis of the
eloctrical data, However, it 1s to be expeoted that interesting
facts, especially on the energy Atetribution of eleotraons and
holes, nmay be deduced from the study of elee’tmlminomnca(as'u)
and external electren emission 2% 28} Iuportamt dsductions
ware obtained by the study of the yield of the external) photocelec~
tric omission that appreciably diminishes Af the energy of the
axcitol eleotrons attain the ionisation energy (2?)'

Rocently landaberg haos been able to prediat the rise of the
quantum yicld with By in InSbh from a comparison of the radiative
14 fatimes determined by direct messurement of the radiation or

by oalculation from the eptiesl eonstants (22) .

Monks are dus te Dr, B. Antondfk for his helipful discuxsions
daring the preparation of this paper.
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Text to the Figures.

Fige 1 = Quantum yield ’7 in Ge a8 & funotion of the
emmo:mmmn,

Fige 2 - Quantum yield 7 in InSb

Flg. 3 - Suggested band structure of InSb to explain quali-
tatively ths curve given in Mg, 2,
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